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NATIONAL ADVISORY COMMITTEE FOB AERONAUTICS 

ADVANCE RESTRICTED REPORT 

PISTON HEAT-TRANSFER COEFFICIENTS ACROSS AN OIL FILM IN A 

SMOOTH-WALLED PISTON RECIPROCATING-SLEEVE APPARATUS   ' 

By Eugene J. Manganlello and Donald Bogart 

SUMMARY 

Testa were conducted vltb a heat-transfer apparatus that sim- 
ulates the piston-oylinder-vall relation by means of a stationary, 
electrically heated, smooth-vailed aluminum piston and a reoipro- 
catlng steel sleeve separated by an oil film. Piston and sleeve 
temperatures were obtained for a range of heat inputs from 1.0 to 
7.6 Btu per second, speeds from 200 to 1000 rpm, steady side thrusts 
from 10 to 150 pounds, and a range of piston-clearance oil-supply 
rates from 2 to 20 pounds per hour. The range of average tempera- 
tures observed was 200° F to 455° F for tbe piston and 150° F to 
290° F for the sleeve. 

The tests showed tbat the piston heat-transfer coefficient 
Increased rapidly with an increase in the average oil-film tempera- 
ture, Increased with speed, and increased with an increase in the 
supply of oil to the piston clearanoe epace. Variation of the 
steady side thrust over a range of 10 to 150 pounds had no signif- 
icant effect on the piston heat-transfer coefficient. 

A fair correlation of the piston heat-transfer coefficient as 
a function of the average oil-film temperature or the average piston 
temperature, the average sleeve velocity, and the piston-clearance 
oil-supply rate was obtained. The piston heat-transfer coefficient 
varied as the 1.15 power of the average oil-film temperature, 
directly with the average piston temperature, as the 0.27 power of 
the average sleeve velocity, and as the 0.35 power of the piston- 
clearance oil-supply rate for the ranges of conditions specified. 

The piston heat-transfer coefficient could also be fairly well 
correlated as a function of a Reynolds and a Brandt 1 number based on 
the average or the maximum sleeve velocity, the piston clearance, 
and the physical properties of the lubricating oil; the Nusselt 
number varied as the 0.30 power of both the Reynolds and the Prandtl 
numbers. 
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INTRODUCTION 

Adequate pieton cooling iias long been ono of the crilical 
factors limiting the specific output of aircraft engines. Satis- 
factory analysis of the piston-cooling problem has been hindered 
primarily because of the slight and uncertain knowledge of tho 
factors controlling the heat-transfer processes betveen the piston 
and cylinder mill. These nroeosses are complicated by tho presence 
of an oil film and piston rln^a as well .'is by tho occurrence of 
reciprocating motion, piston frLotion, and side thrust. 

As part of a program for tho stucV of piston cooling, thu NACA 
in 1940 developed a satisfactory method of measuring pisson tompor- 
aturos at high speeds (referenco l) using thermocouples whose cir- 
cuits were completed by contacts at bottom conter. This method was 
then employed In an investigation of piston temperatures in an air- 
cooled engine in which the variations of piston tomperaturo with 
various operating conditions were Indexe; dently determined (refer- 
ence 2). A satisfactory correlation of t'-insu tust data could not 
bo obtained because of the difficulty in evaluating tho variation 
of the surface heat-transfer coefficient between tho piston and the 
cylinder wall with the different, engine operating conditions. 

In order to obtain an insight into the factors affecting the 
piston heat-transfer coefficient, there wan constructed by the NACA 
a?i apparatus that simulates the relation of the piston and the 
cylinder wall and provides controlled heat flux, operating speed, 
side thrust, and rate of supply of lubr5eating oil to the piston 
clearance space and permits variation of the number and type of 
piston rings. Thu piston in this a ;par..itus Is a stationary alumi- 
num piston enclosing an electrical hea:er unit and the cylinder 
wall is a reciprocating steel sleeve. 

The tests retorted herein irosent the results of the first 
phase of an investigation of some <:i'  the factors affecting tho 
heat-transfer coefficients of a smooth-walled piston, that is, a 
piston on which no rings wore installed. The variation of average 
piston and reciprocating-sleeve temperatures with heat flux, oper- 
ating speed, Hido thrust, und rate of piston-clearance oil supply 
was investigated. The i.istoa heat-ti-unofor coefficients were 
corrolatod as functions of average oil-fi]jn temperature or average 
pieton temperature, average sleeve velocity, and rate of supply of 
lubricating oil to the piston clearance »pace. 
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SYMBOLS 

Ap  - -   heat-transfer area of the. piston vail . 

Op       speolfio heat of fluid at constant pressure 

D        characteristic dimension or hydraulic diameter 
(piston clearance) 

7        piston side thrust 

H        heat flux from piston to sleeve through oil film 

h        piston heat-transfer coefficient: rate of heat transfer 
per unit area per unit temperature difference between 
piston and cylinder or sleeve 

k thermal conductivity of fluid 

Tf average oil-film temperature, 2^TP + Ts) 

T_ average piston temperature 

Ta average cylinder vail or sleeve temperature 

Vj> average fluid velocity 

Va average reciprocating-sleeve velocity 

W rate of oil supply to pietwn clearance space 

u absolute viscosity of fluid 

p density of fluid 

alf a2* constants 

n,r,r',    erponents 
s,t,y 

ANALYSIS 

During engine operation, the piston receives heat from the 
hot combustion gases through its crown and transfers this heat to 
the cylinder wall through an oil film via the ring belt and skirt 
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and to the crankcaee air and oil from the Internal surfaces of the 
piston. When only the heat transferred to the cylinder «all Is 
considered, the piston heat-transfer coefficient may he written as 

H (1) 
Ap (Tp - Ts) 

If It is assumed that the transfer of heat from piston to 
cylinder vail through the oil film is effected hy a mechanism 
similar to that controlling forced-convection heat -transfer for the 
flow of fluids through tubes without phase change, the piston heat- 
transfer coefficient may ho ezpressed hy the familiar relation 
obtained from dimensional analysis 

(2) 

Specifla Apparatus Variables 

The physical properties of the fluid (the lubricating oil) are 
functions of the average oil-film temperature Tf taken as the mean 
of the average piston temperature Tp and the average sleeve tem- 
perature Ta. The characteristic dimension, or piston clearance, D 
is taken as the difference between the piston and the sleeve diam- 
eters (hydraulic diameter of the clearance space based on the total 
wetted surface); the piston clearance is effectively a function 
of Tf. 

An average fluid velocity Vf as usually employed in equa- 
tion (2) does not exist in the present application. The average 
oil-film velocity is related to the average piston velocity or 
average sleove velocity Va of tbo subjoot apparatus proportion- 
ally to the operating speed and is therefore used instoad of the 
average fluid velocity. Equation (2) thon becomes 

h = f (Tf, Tg) (3) 

The piston sido thrust F and thj l'uto of supply W of 
lubricating oil to the piston clearance space aro two pertinent 
variables that may have an appreciable of''oot on tho piston hoat- 
transfer coefficient. Incorporating those variables as additional 
functions, equation (3) may be replaced by 

h o f (Tf, Va, F, W) (4) 
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Assuming that the foregoing function of h with eaoh variable 
takes the follovlng form "by means of which the effects of the inde- 
pendent variables considered may be evaluated, equation (4) may be 
written 

h  = «L (Tf)
r (7a)

B (»)* (W)y (5> 

For convenience Tp may be used to approximate Tf in equa- 
tion (5) as a measure of the effect of the physical properties and 
piston olearance; therefore, 

b - a2 (Tp)
r' (Va)

B (I)* (V)7 (6) 

Additional phenomena, such as friction heating between the 
piston and the oylinder wall and the reciprocating motion of the 
piston, further complicate the piston heat-transfer prooosses. As 
a result, neither equation (5) nor (6) may provide a complete 
correlation of the test data; the present tests were run to sub- 
stantiate their applicability. 

The method of evaluating the exponents in the assumed rela- 
tion given in equation (5) is as follows: A log plot of h 
against Tf for constant Vs, F, and W will determine the 
exponent r on Tf. A second •»ilot of _ h   against Va for 

(Tf?5 

constant F and W will establish the oxponent s on 7Q. A 

subsequent plot of  p § against F for constant W 
(Tf) (Va) 

will dot ermine oxponent t. A final plot of - r 
(Tf)r(Va)

S(F)t 

against W will serve to determine the oxponent y on W. Fair 
correlation of the test data will verify the chosen parameters as 
those representing the piston huat-tranafer processes. A similar 
procedure may be followed for equation (6) using' Tp in place 
of Tf. 

General Correlation 

An alternative method of correlating the data using the non- 
dimensional parameters In equation (2) may be applicable to the 
piston heat-transfer process. Although the flow of fluids through 
tubes, for which equation (2) is derived, is admittedly different 
in many respects from the reciprocating relative movement of the oil 
film, the piston, and the oylinder vail, there is some similarity 
between the two prooesses. 
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Insulated from each other and from the aluminum up to the hot Junc- 
tion by flexible glass sleeving so that the temperatures measured 
were essentially surface temperatures. 

Beciprocating-eleevo temperatures wore obtained at 11 locations 
by thermocouples, the circuits of which :rere closed by contacts for 
28 crank-angle degrees at bottom center. (See reference 1 for 
details.) The thermocouple vires wc..*e housed in helical grooves 
between the two shrunk cylinders composing the reciprocating sleeve. 
The wires were sealed in the grooves with vitreous oement and were 
soldered in the ends of the groov_3 with soft solder of high molting 
point 3/32 inch from the inner surfe, je oiJ the sloove. Two of the 
11 helical grooves contained complete c'ironiel-constantan thermo- 
couples; the other 9 contained only one thermocouple wire, the mate- 
rial of the steel sleeve being utilized as the other thermocouple 
element. Figure 4(c) shows the installation on the thrust surface 
of the sleeve; the complete thorraocouilo on this surface was used 
as a reference junction for the other thermocouples. The thermo- 
couple wires were brought out to the ccnti-.ct blocks at the top of 
the sleeve. 

Two thermopiles, consisting of four chromel-oonstantan thermo- 
couples In series were used to measure the temperature of the cooling 
oil into and out of the cooling Jacket. A single thermocouple indi- 
cated the temporature of the oil entering the rotameter. 

The thermal electromotive forces of all thermocouples were 
measured by a portablo, precJ sion-type potentiometer in conjunction 
with an external spotlight falvanometer having a sensitivity of 
0.007 microampere per millimeter.. Tem:ju:'ature measurements are 
believed to be accurate within ±1° F. 

Oil systems. - The lubricating nnd cooling-oil systems for the 
piston reciprocating-sleeve arr.aratas aro schematically shown in 
figure 3; both systems employed E^J' 30 oil. The cooling-oil flow 
rate was measured by a calibrated roJametor. Oil coolers were pro- 
vided in both systems for temperature control; the larger oxposed 
oil pipes were lagged with wool felt. The crankcaso was kept dry 
by a scavenging pump. 

METHODS ABED TJäTS 

Tests were conducted on tho piston rociprocatlng-sleeve appa- 
ratus for a range of values of heat input, operating speed, side 
thrust, [jiston-clearanco oil-supply rat.<j, and avarage sleeve tem- 
perature. A few series of tests were made in which the side thrust 
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was completely reversed by means of the reverse-thrust pulley 
(fig. l). A constant average sleeve temperature was difficult to 
maintain over the range of the other variables with the available 
range of control"of cooling-oil temperature and" flow rate; the 
cooling-oil temperature and flow rate ware therefore arbitrarily 
kept constant. 

Piston and sleeve temperatures were obtained over the following 
range of operating conditions; 

Heat input, Btu per second 1.0-7*6 
Speed, rpm   200-1000 
Side thrust, pounds   10-150 
Clearance-oil supply rate, pounds per hour   2-20 
Cooling-oil temperature, °P   110-170 
Cooling-oil flow rato, pounds per minute   10-65 

With this range of conditions, the following range of temper- 
atures was observed: 

Average piston temperature, °F   200-455 
Average sleeve temperature, °F   150-290 

When eacb of the operating factors was separately variod, the 
other factors were kept approximately constant. Several series of 
tests were run for each variable with the other operating conditions 
at different constant values to confirm the trends at different 
temperature and speed levels. A summary of these test conditions 
is included with tho test data in table I. 

The physical properties of the oil (SAB 30) used in these tests 
are sbown in figure 5 as functions of temperature. Speciflc-heat 
and thermal-conductivity data were taken from reference 4, density 
data from reference 5, and absolute-visoosity data from measurements 
made at the NACA Cleveland laboratory. 

The variation of piston and sleeve diameters with average tem- 
perature is presented in figure 6 as calculated from the measured 
diameters at 75° F and the respective expansion coefficients of 
aluminum and steel. The curves provide means for evaluating the 
piston clearance under any condition of operation encountered in the 
tests. The piston clearance calculated from figure 6 at observed 
average piston and sleeve temperatures is shown to be a function of 
average oil-film temperature in figure 7, in which representative 
data at piston-clearance oil-supply rates of 5 and 12 pounds per 
hour are presented. 
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The piston-clearance oil-supply rate vas kept constant at 
either approximately 12 or 5 pounds per hour except In those tests 
In •which tLie piston-clearance oil-supply rate vas varied. The 
flov to the oiling ring vas controlled by varying the feed-line 
pressure by means of u needle valve. The pressure drops across the 
needle valve were calibrated against the piston-clearance oil-supply 
rates. 

Above a piston-clearance oil-supply rate of about 20 pounds 
per hour, the space above the piston filled and overflowed, which 
Indicated that, for the given apparatus, this flow was approx- 
imately the largest that would pass by -he piston through the 
existing clearance space. A few ruru were made, however, with 
piston-clearance oil-supply rat^s iri excess of 20 pounds per hour. 

The pressure of the oil entbring tl a crunkcase was kept at 
30 pounds per square Inch and tlio crankcase-oil temperature in the 
reservoir at approximately 110° J>\    Sufficient time was allowed 
after a change In operating conditions to Insure equilibrium before 
readings were taken. 

The average piston temt.erai.uro Tp was taken as thu average 

of the temperature indications oi' the 1" equally snaced thermo- 
couples shown in figure 4(b). The average sleeve temperature Te 
was taken as one-fourth of tj.e sum of the averages of the temper- 
ature indications of the thermocouples lucated in each quadrant. 
The piston heat-transfer area was taken as 1.312 square feet. The 
piston heat-transfer coefficient between the piston and the recip- 
rocating sleeve was calculated from etiuaiion (l) using the electri- 
cally meas'ired heat In vat. 

The heat rejected to the cooling oil was calculated for heat- 
balance purposes as trie product of the ccoling-oil flow, the tem- 
perature rise of the oil flowing through the cooling Jacket, and 
the specific heat evaluated at the avjra^e cooling-oil temperature. 

More tests than were required to establish the effect of the 
variables were made; test results are not presented for exploratory 
and check runs. 

BESULTS AHD DISCUSSION 

A summary of the test results for nil conditions is presented 
in table I. 
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Heat "balance. - A plot of the heat rejection to the cooling 
oil against the electrical heat input to the piston is shown in 
figure 6 for.speed ranges of 200 to 600 and 600 to 1000 rpm. The 
generally lover heat rejection't'o the"cooling oil is considered, 
for the most part, to he due to a heat loss from the reciprocating 
sleeve to the air. Thermal losses from the ends of the piston are 
estimated to he less than 2 peroent of the electrical heat Input. 

The question arises of whether the circulation of oil through 
the piston clearance space carries off an appreciable portion of 
the total heat flux, thereby decreasing the actual amount of heat 
transferred to the sleeve and making, the calculated heat-transfer 
coefficients based on eleotrical heat input fictitiously high. 
Conservative estimates of the heat carried away by the lubricating 
oil circulating through the piston clearance space, assuming a 
temperature rise from the reservoir-oil temperature of 110° F to 
the average oil-film temperature and an average specific heat of 
0.50 Btu per pound per CT, indicate that these losses for most of 
the tests employing piaton-clearance oil-supply rates of 5 and 
12 pounds per hour could not exceed 3 and 6 percent of the electrie 
cal beat Input, respectively. The largest portion of the electri- 
cal heat input is therefore transferred across the oil film to the 
reciprocating sleeve. 

Figure 8 shows that more heat was rejected to the cooling oil 
In the higher speed range than in the lower speed range for the 
same electrical heat input. This condition was undoubtedly the 
result of increased friction heating occurring in the higher speed 
range. The largest part of the friction heating is developed 
betwoen the outer sleeve surface and the barrel and compression 
oil-sealing rings. Although this friction may have considerable 
effect on the heat balance, it should not appreciably affect the 
the calculated heat-transfer coefficients between the piston and 
the inner sleeve surface. The scatter of the data at any one speed 
was probably due to varying thermal losses from the exterior of the 
barrel to the atmosphere with different cooling-oil temperatures 
and flows and to the difficulty of accurately measuring the small 
temperature rise of the cooling oil at the higher rates of flow. 

Temperature distribution. - The temperature distribution for 
two typical runs that are representative of the range of powers, 
speeds, and piston-clearance oil-supply rates encountered in the 
tests is presented in figures 9 and 10. The peripheral distribution 
of the temperature around the piston and the reciprocating sleeve 
is shown in figure 9(a); the plotted temperatures are the averages 
of the thermocouple indications in each quadrant. The temperature 
difference between the piston and sleeve Is greatest at the anti- 
thrust surface and decreases to a minimum at the thrust surface. 
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Figur© 9(1)) shows the axial variation of temperature along 
the thrust surface of the sleeve. The fact that the temperature 
vas highest at the center of the sleeve was expected, inasmuch as 
this point is always in contact with the hot piston surface; the 
ends of the sleeve, on the other hand, are alternately heated by 
the piston and cooled by the surrounding air. 

Isothermal patterns for bobh the piston and the sleeve for 
the two representative runs Just discussed are presented in fig- 
ure 10; the piston and sleeve surface developments are drawn to 
the same scale as shown in figure 4. Perpendiculars to isothermals 
indicate heat-flow paths and, if these are visualized, it may be 
seen that in addition bo a radial flow across the piston clearance 
space there is a secondary circumferential heat flow in both the 
piston and sleeve walls. The heat flow in the piston Is from the 
antithrust to the thrust side; in the sleeve, the flow is from 
the thrust to the antithrust side. An estimate of the circum- 
ferential flow of heat in the piston was obtained from simple cal- 
culations based on the cross-sectional area of the piston wall, 
the thermal conductivity of the aluminum, the average temperature 
difference measured between the antithrust and thrust side of the 
piston, and the two parallel flow paths, each of a length equal to 
half the piston circumference The calculations Indicated that 
the heat conducted circumferentially through the piston walls is 
less than 3 percent of the total heat input. Accordingly, the tem- 
perature data shown in figures 9 and 10 may be used as approximate 
measures of the local heat-transfer coefficients. The circum- 
ferential variation of the local heat-transfer coefficient may be 
attributed to the variations in the clearance space around the 
piston resulting from steady side thrust. 

Heat input. - The variation of average piston, oil-film, and 
sleeve temperatures and piston heat-transfer coefficient with elec- 
trical heat input is shown in figure 11. The temperature level at 
which the apparatus is operated was controlled primarily by heat 
input. Results show an Increase in piston heat-transfer coefficient 
with an Increase In heat input; this variation will be shown to be 
mainly an effect of a variation with temperature of the physical 
properties of the lubricating oil and the clearance between the 
piston and the sleeve. 

Speed. - In figure 12, h, Tp, Tf, and Ts are plotted 
against average sleeve velocity.  (A scale of speed values is given 
in the figure for convenience.) An increase in piston heat-transfer 
coefficient with increase in speed was obtained. Figure 12 presents 
the combined effect of speed and average oil-film temperature 
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on h, Inasmuch as "both conditions -varied; the fact that h appre- 
ciably leveled off at a value of T8 of 16 feet per second may have 
"been due to the decrease In temperature with Increase In speed. 
The Independent effect of speed on h Is Isolated In a- subsequent 
plot. 

Average sleeve temperature. - The variation of h, Tp, and 
Tf with Ts Is presented In figure 13. Data are shown In vhlch 
T8 was varied by varying both cooling-oil temperature and flow 
rate. The increase noted in h is attributed to the Increase 
in Tf. 

Side thrust. - The effect of a steady side thrust on the aver- 
age piston, oil-film, and sleeve temperatures and on piston heat- 
transfer coefficient is shown in figure 14. The results show a 
slight decrease In piston temperature with an Increase In side 
thrust to about 50 pounds; at greater side thrusts, Tp is con- 
stant. The sleeve temperature is practically constant for the 
entire range of side thrusts tested. For all practical purposes, 
therefore, Tp, Tf, Ta, and h are independent of a steady 
piston side thrust as measured in the test apparatus. 

Piston-clearance oil-supply rate. - The variation of average 
piston, oil-film, and sleeve temperatures and piston heat-transfer 
coefficient with the rate of supply of oil to the piston-clearance 
oiling ring is shown in figure 15. When the other operating con- 
ditions are constant, h may be seen to increase as the piston- 
clearance oil-supply rate is increased. The trend shown is not 
the pure effect of piston-clearance oil-supply rate, inasmuch as 
the average oil-film temperature also varied; the independent 
variation of h with W is determined in a later plot. At a 
piston-clearance oil-supply rate of 12 pounds per hour, h levels 
off appreciably as a result of the decrease in temperature with 
increase in supply rate. 

As previously indicated, the maximum possible amount of heat 
that could be removed by the clearance oil at a supply rate of 
12 pounds per hour was 6 percent of the electrical heat Input. At 
this flow rate, therefore, the apparent Increase in h due to the 
heat removal by the clearance oil would not exceed 6 percent, 
whereas the Indicated increase in figure 12 is 60 percent above 
the value at the lowest observed flow rate of 2 pounds per hour. 
Most of the Increase may therefore be attributed to an actual 
improvement in the heat-transfer coefficient across the oil film 
with increased piston-clearance oil-flow rate. 
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By way of explanation of the improvement in h with increase 
in W, the variation of average temperature difference between 
the piston and the sleeve with W is plotted in figure 16 for four 
peripheral positions: thrust, antithrust, and two Intermediate 
positions as Indicated in the cross-sectional sketch. The data 
are the same as those shown In figure 15. The temperature differ- 
ences on the thrust surface drop 10° F over the entire range of W; 
on the other hand, the temperature differences on the antithrust 
surface, where the clearance space is a maximum, decrease 100° F 
over the range of W. A decrease In the temperature differences 
of about 60° F at the Intermediate peripheral positions is also 
observed. 

The improvement in the average piston heat-transfer coefficient 
may therefore be attributed to a reduction of the thermal resistance 
of the clearance space at the antithrust and the two intermediate 
surfaces. It vould appear that the increased rate of supply of oil 
establishes and maintains a more completely oil-filled olearance 
space with attendant improved heat-tiam.?._ properties. 

CORRELATION OF RESULTS 

Specific Variable Correlation 

As indicated in the AIJALISIS, b is fundamentally a function 
of Tf that expresses th9 clearance and physical-properties effects 
of the lubricating oil on the heat transfer from the piston to the 
sleeve. The variation of h with Tf is shown in figure 17(a) for 
an average sleeve velocity of approximately 6.5 feet per second, a 
side thrust of 100 pounds, and a piston-clearance oil-supply rate of 
12 pounds per hour. The plotted data include runs for variable elec- 
trical heat input and variable cooling-Gil temperature. It may be 
seen that plotting h as a function of Tf to the 1.15 power pro- 

vides a fair corrolatlon of these test data. 

For convenience, Tp may be used to approximate Tf as a 
basis for correlating the test data. Furthermore, inasmuch as the 
observed spread of Tp was greater than the spread of Tf for 
the range of operating conditions encountered in the tests, the 
use of Tp provides a more sensitive index of the variation of h. 
The variation of h with Tp for the same data presented in fig- 
ure 17(a) is shown in figure 17(b). The trend of the data is best 
represented by a line of unity slope; hence, the exponent r' = 1.00. 
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In figure 14 it had been shown that h vas practically Inde- 
pendent of side thrust so that the effect of side thrust, as varied 
In the tests, is constant. 

Figures 18(a) and 18(h), respectively, show the variation of 

b/(Tf) '   and h/Pp with average sleeve velocity Vs. The slope 

of the line that heat fits the data is 0.27, so that the exponent s 
equals 0.27. The piston heat-transfer coefficient, measured for 
stationary operation of the apparatus (with the eleevo at hottorn 
center), is about one-half the heat-transfer coefficient measured 
under comparable operating conditions of average oil-film tempera- 
ture, piston clearance, piston-clearance oil-supply rate, side 
thrust, and an average sleeve velocity of about 8 feet per second. 
The 0.27 power variation of h with VB, which if extrapolated 
would predicate zero h at aero speed, is therefore restricted to 
the range of speeds tested. 

The variation of  -_ with W Is shown in f ig- 
I7i5ÖTUFf 

(Tf)  • (Tfi) h 
ure 19(a); figure 19(b) shows the variation of   with W. 

0.27 
Tp(Vs) 

For the range of piston-clearance oil-supply rate from 2 to 20 pounds 
per hour, a line of slope 0.35 fits tho data (juite well. As pre- 
viously mentioned, greater values of V cause the space above the 
piston to fill and overflow, indicating a maximum rate of oil circu- 

lation through the -piston clearance. Values of — 
1.15   0.27 

(Tf)   (VS) 
or   Q -g- for tho larger rates of oil supply are about tho 

Tp(Va) 
same as those observed at a W of 20 pounds per hour, verifying 
this value as approximately the maximum oil flow, rate by the piston 
for the oxisting clearance. The value 0.35 for the exponent y on 
W is therefore limited to piston-clearance oil-supply rates below 
20 pounds por hour for tho daca of tho subject apparatus. 

The logarithmic correlation plots presented (figs. 17 to 19) 
separate the effects of the variables on the piston heat-transfer 
coefficient. The previous curves {figs. 11 to 15) did not show 
pure trends because Tf varied during tests In which other 
variables were investigated. 
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The final correlation curve of h against the established 
1.15   0.27  0.35 0.27  0.35 

parameters (Tf)   (Vs)   (W)    or (Tp)(VB)   (W)    Is 
shown in figure 20. All the data presented in table I are plotted 
against these parameters. Included in figure 20(a) and 20(b) are 
series of runs with the thrust arm reversed so as to interchange 
the thrust and antithrust surfaces.  The temperature distributions 
and the heat-flow paths were altered, but the effect of the vari- 
ables on the piston heat-transfer coefficient was not changed. 

The solid line in figure 20(a) represents the relationship 

,  ,1.15 ,  v0.27 , v0.35    -5        . . 
h = 1.78 (Tf)    (VB)    (W)    X 10 (8) 

and in figure 20(b), the equation of the solid line is 

h = 3.39 (Tp) (Va)°-
27 (W)0-35 X 10:5 (9) 

in which Tf and T-^ are expressed in °F, Va in feet per second, 
and W in pounds per hour. 

Approximately the same degree of correlation is obtained with 
the average oil-film temperature as with the average piston tem- 
perature as the correlation basis over the range of operating con- 
ditions encountered in the tests. Dashed lines representing a 
±10-percent deviation from the correlation curve show that, with 
the exception of a few runs, the data fall within these limits. 
Either equation (8) or equation (9), therefore, sums up all the 
effects of the controllable factors on the piston heat-transfer 
coefficient within the specified limits. 

General Correlation 

The general correlation involving the nondlmensional parameters 

is presented in figure 21(a) and 21(b), where -*— is plotted 

(^) ® against the product \ ) \——J for all the test data at piston- 

clearance oil-supply rates of 5 and 12 pounds per hour, respectively. 
Physical properties, evaluated at the average oil-film temperature 
Tf, were taken from figure 5, the piston clearance was calculated 
from figure 6 at the observed average piston and sleeve temperatures, 
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and h and Vs were taken as before. Beynolde numbers for the 
data „of.figure 20 baaed on average sleeve velocity, range from 
70 to 660. Reynolds numbers based upon the maximum velooity - 
ocourring in the stroke, which is about 1.5 Vs range from 105 to 
990. 

A line of slope 0.30 fits the data fairly well; dashed lines 
representing ±10 percent deviation from the correlation curve are 
included. The tailed points which fall well below the curve in 
figure 21(b) are for runs at the lowest heat input (0.95 Btu/seo), 
where the precision of measurement is poor. The fact that the 

absolute values of 52 are lower for a piston-olaaranoe oil-supply 

rate of 5 pounds per hour than for 12 pounds per hour may be 
attributed to less complete filling of the clearance space with oil 
at the lower supply rate and hence a reduction in effective heat- 
transfer area. The region of the piston and the cylinder separated 
by an air gap is considered to be an ineffective heat-transfer area 
because of the decidedly Inferior iieat-transfer properties of air 
as compared with ell. 

Although a fair correlation of the dtita is obtained through 
use of equation (7), it is recognized thcit the amount and the scope 
of data obtained is insufficient to place too much confidence in 
the validity of this type of correlation. 

CONCLUSIONS 

From tests of a heat-transfer apparatus simulating the usual 
relation between piston and cylinder wall by means of an electri- 
cally heated smooth-wulled aluminum piston and a reciprocating 
steel sleeve separated by un oil film, it was found that the piston 
heat-transfer coefficient: 

1. Increased with spaed but began to level off at an average 
sleeve velocity of 16 feet per socond as a result of the reduced 
oil-film temperatures occurring with increased speed. 

2. Was not significantly affected by a variation in steady 
side thrust over a range of 10 to 150 pounds. 

3. Increased with an lnorease in the piston-clearance oil- 
supply rate, but approached constancy with an increase in oil supply 
above about 12 pounds per hour as a result of the attendant decreas- 
ing oil-film temperature on the anti- and non-thrust surfaces. 
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4. Could "be correlated fairly veil as funotlons of the average 
oil-film temperature or the average piston temperature, the average 
sleeve velocity, and the piston-clearance oil-supply rate; the 
piston heat-transfer coefficient varied as the 1.15 power of the 
average oil-film temperature, directly with the average piston tem- 
perature, as the 0.27 power of the average sleeve velocity, and as 
the 0.35 power of the piston-clearance oil-supply rate within the 
range of conditions tested. 

5. Could be correlated fairly well as functions of a Reynolds 
and a Prandtl number "based on the average or the maximum sleeve 
velocity, the piston clearance, and the physical properties of the 
lubricating oil; the Nusselt number varied as the 0.30 power of 
both the Reynolds and Prandtl numbers. 

Aircraft Engine Research Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio, October 3, .. 
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TABLE I - SUMMARY OP DATA AND RESULTS FOR PISTON RECIPROCATINO-SLEEVE APPARATUS 
NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 
Run Electrical Operating Piston- Piston Coollng- Average Specific Heat Heat- Average Average Average 

oll-rllm 
Piston heat- Correlation .Correlation 

heat Input •peed clearance side oll flow cooling- heat of rejec- balance piston sleeve transfer parameter parameter 

H,      , (rpm) oil-supply thrust rate oil tem- cooling tion ratio tempor- temper- temper- coefficient ,     ,1.15 
(Tf) 

0.27 
(Btu/eee) rate P (lb/mln) porature oil to oil (per- oture ature ature h 

w (lb) <°F> (Btu)/ (Btu/ oent) TP 
(°P) <°F) 

Tf 

<°F) 

(Btu)Asee) (v,)0-27 

,„,0.35 

,„.0.35 
(lb/tor) (lb)(°P) sec) (so. ft)(°P) IK) 

Variable heat Input 

80 0.95 490 12 100 20 130 0.467 0.89 94 206 156 181 0.0249 1637 856 
61 1.90 490 20 132 .460 1.43 75 239 160 203 .0351 1869 99S 
62 2.84 490 20 130 .467 2.17 76 270 183 230 .0392 2156 ' 1157 
63 3.79 490 20 130 .4C7 3.06 81 305 199 252 .0469 2392 126« 
84 4.74 490 20 130 .4C7 3.90 02 341 212 276 .0482 2659 1419 
85 5.69 490 20 130 .467 4.74 03 370 232 301 .0541 2935 • 153« 

125 2.84 950 42 159 .400 2.76 97 292 205 249 .0428 2024 1452 
126 3.41 950 40 152 .477 3.27 96 297 205 251 .0486 2848 1476 
127 4.74 950 40 150 .476 4.51 95 337 '221 279 .0536 3219 1674 
128 5.35 950 40 154 .478 4.73 00 348 230 289 .0594 3349 1729 
129 6.07 950 39 154 .478 5.34 B8 366 241 304 .0637 3550 1820 
130 6.64 950 39 153 .478 5.74 86 378 247 313 .0665 3673 1879 
131 6.98 950 39 155 .470 6.06 67 387 250 319 .0668 3755 • 1925 
161 .95 940 40 132 .468 1.67 176 199 156 178 .0290 1911 •    985 
162 1.90 940 40 131 .467 2.34 123 227 167 197 .0415 2147 1123 
163 2.84 940 39 132 .468 2.95 104 266 177 222 .0418 2466 1317 
164 3.79: 940 38 130 .467 3.62 96 292 le7 240 .0473 2692 . 1445 
16S 4.74 940 41 132 .468 4.35 92 317 200 259 .0531 2945 •-. 1569 
166 .95 540 41 150 .476 .94 99 210 171 191 .0319 1790 •    897 
167 1.90 540 42 149 .476 1.65 87 244 184 214 .0415 2037 1042 
168 2.84 540 43 153 .470 2.30 04 290 198 244 .0405 2369 1233 
169 3.70 540 41 150 .476 3.05 BO 325 209 267 .0428 2627 1388 
170 5.69 540 39 150 .476 4.63 01 377 236 307 .0529 3008 1610 
171 1.90 540 20 151 .477 1.46 78 258 186 222 .0346 2127 : 1102 
172 3.79 540 20 154 .470 2.79 74 323 212 268 .0448 2638 i 1379 
173 5.69 540 21 152 .477 4.19 74 376 238 307 .0541 3086 , 1605 
249 5.69 940 60 142 .473 5.10 91 340 223 206 .0597 3310 1 1724 
250 4.74 940 60 142 .472 •4.37 92 323 211 267 .0555 3046 ! 1600 
251 3.79 940 59 141 .472 3.44 91 296 196 246 .0497 2775 ; 1467 
252 2.84 940 60 144 .474 2.63 93 272 187 230 .0433 2567 1340 
253 1.90 940 60 139 .471 2.14 113 235 176 206 .0422 2264 ' 1164 
254 1.42 940 61 144 .474 1.54 100 219 175 197 .0423 2150 1005 
255 .95 940 61 140 .472 1.34 141 202 164 183 .0328 1979 1002 
405 1.90 560 60 140 .472 1.65 87 237 165 201 .0346 1913 1021 
406 2.84 560 eo 140 .472 2.25 79 273 180 227 .0400 2205 1178 
407 3.79 560 60 141 .472 3.02 00 307 139 248 .0421 2437 1324 
408 4.74 560 60 142 .472 3.73 80 339 205 272 .0464 2713 1462 
409 5.69 560 60 140 .472 4.49 79 367 216 292 .0494 2948 1584 
410 E.64 560 60 141 .472 5.21 70 393 234 314 .0547 3198 1696 
411 7.58 560 59 141 .472 5.00 7b 416 '245 331 .0581 3398 1794 
267 6.64. 535 5 "lOO 60 140 .472 5.00 75 423 242 332 .0401 2476 1326 
268 5.69 535 59 130 .471 4.44 70 395 228 312 .0447 2307 1230 
269 6.64 530 60 141 .472 5. DO 75 415 241 328 .0500 2440 1298 
270 5.69 530 60 137 .470 4.C4 80 394 228 311 .0449 2294 1233 
271 4.74 530 60 142 .472 3.S5 01 368 212 290 .0390 2116 1150 
272 3.79 530 60 140 .471 3.16 83 331 195 263 .0365 1894 1036 
273 2.84 530 63 142 .473 2.37 83 294 183 239 .0335 1699 920 
274 1.90 530 62 140 .471 1.81 95 253 169 211 .0297 1471 792 
285 3.79 950 59 140 .471 3.50 94 309 184 247 .0397 2061 1131 
286 2.84 950 59 137 .470 2.84 100 278 176 2Z7 .0365 1869 1017 
287 1.90 950 60 139 .4->l 2.07 109 247 168 206 .0315 1691 904 
363 7.58 560 100 61 142 .472 5.79 76 455 252 354 .0490 2706 1445 
364 6.64 560 60 140 .471 5.47 82 434 234 334 .0435 2527 1370 
365 5.69 560 60 142 .472 4.74 83 406 220 313 .0401 2343 1209 
366 4.74 565 61 142 .472 3.94 03 376 203 290 .0359 2153 1196 
367 3.7!. 565 60 140 .472 3.11 02 344 191 268 .0325 1S69 1094 
368 2.84 565 61 140 .472 2.19 77 299 182 241 .0318 1738 950 
369 2.37 570 60 140 .471 1.S9 80 278 171 225 .0290 1614 087 
370 1.90 570 62 140 .472 1.35 71 256 164 210 .0271 1490 817 
371 1.42 570 63 138 .471 1.13 80 232 158 195 .0252 1366 739 
372 .95 560 61 130 .471 .72 76 20C 151 179 .0226 1233 653 

o 

tft 

o 
00 

Steady side thrust reversed. «o 



TABLE I -  SUMMARY OP DATA AND RESULTS POH PISTON RECIPBOCATING-SLEF.VE APPARATUS - Continued NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

Run Electrical Operating Platon- Piston Cooling- Averago Sreciflc Heat Heat- Average Average Average Piston heat- Correlation Correlation 
heat Input speed clearance aide oil now cooling- heat of rejec- balance piston Sleeve oil-film transfer parameter parameter 

H (rp«> oil-supply thrust rate oil  tem- cooling tion ratio temper- temper- temper- coefficient 
(T,)1-15 yv0-27 

(Btu/aec) rat« F (lb/mln) perature oil to oil (per- ature ature ature h 
* (lb) (°F) (Btu)/ (Btu/ cent) TP 

(°F> 
Ts Tf (Btu)/(sec) 

,„0.35 

...0.35 
(lb/hr) (lb)(°F) sec) 

(°P) (°F) (sq ft)(0?) (II 

Variable coo llng-oll flow rate 

86 3.79 405 12 100 12 130 0.467 3.82 85 320 207 263 0.0440 2307 1326 
87 3.79 515 13 131 .467 3.26 86 314 202 238 .0444 2500 1324 
88 3.79 515 19 130 .467 3.18 84 313 198 255 .0432 2465 1519 
89 3.79 520 30 130 .467 3.31 87 315 198 256 .0425 2476 1331 
90 3.79 520 41 131 .487 3.12 82 309 197 253 .0444 2449 1307 
91 3.79 525 58 131 .467 3.02 80 306 197 251 .0456 2425 1295 
92 3.79 525 77 130 .467 2.11 56 303 193 248 .0452 2392 1283 

147 6.64 940 85 153 .478 5.76 87 376 241 309 .0645 3607 1663 
148 6.64 940 66 151 .477 5.78 87 374 240 307 .0650 3582 1653 
149 6.64 940 48 153 .47B 5.67 85 377 244 311 .0654 3630 1367 
150 6.64 940 22 153 .478 5.28 80 385 248 317 .0655 3717 1908 

Variable  piston side  thrust 

27 1.82 260 12 50 15 117 0.461 1.46 80 245 156 201 0.0268 1551 656 
28 1.82 260 100 15 116 .461 1.49 82 246 161 204 .0281 1578 859 
29 1.82 260 150 15 118 .461 1.43 79 245 159 202 .0277 1562 656 
30 1.82 265 10 15 118 .461 1.44 79 245 159 202 .0277 1571 861 
31 1.82 215 JO 15 117 .461 1.39 76 252 162 207 .0265 1525 837 
32 1.82 215 100 15 117 .461 1.36 75 251 166 209 .0281 1541 832 
33 1.82 215 50 15 118 .462 1.33 73 251 163 207 .0271 1521 632 
34 1.82 215 150 IS 116 .461 1.42 78 250 162 206 .0271 1521 832 
3S 1.82 295 10 14 116 .463 1.39 76 242 156 199 .0277 1567 675 
36 1.82 300 SO 14 115 .462 1.41 77 239 155 197 .0284 1576 86B 
37 1.82 300 100 14 115 .462 1.39 76 239 154 197 .0281 1576 668 
38 1.82 300 150 14 116 .463 1.41 77 239 157 198 .0291 1587 868 
39 1.86 300 30 15 116 .461 1.47 79 242 154 198 .0277 1589 860 
40 1.86 360 SO 15 117 .461 1.48 80 238 156 197 .0297 1661 911 
41 1.88 360 100 15 118 .461 1.49 79 238 156 197 .0300 1661 911 
42 1.88 360 30 15 117 .461 1.50 80 238 154 196 .0293 1650 911 
43 1.86 360 150 14 117 .461 1.45 78 235 157 196 .0312 1649 899 
44 1.86 360 10 15 117 .461 1.50 81 235 153 194 .0297 1630 899 
4S 1.90 405 50 IS 118 .461 1.45 76 235 158 197 .0323 1714 928 
46 1.90 405 10 15 119 .462 1.51 79 234 157 196 .0323 1704 925 
47 1.90 405 150 15 119 .462 1.44 76 234 159 197 .0331 1716 925 
48 1.90 405 30 15 118 .461 1.47 77 236 157 197 .0315 1719 935 
49 1.30 405 100 15 118 .461 1.44 76 236 159 198 .0323 1731 935 
55 1.90 365 10 21 132 .468 1.26 E6 246 168 207 .0319 1761 944 
56 1.90 365 50 21 132 .468 1.36 72 244 169 206 .0332 1755 937 
58 1.90 365 100 20 132 .468 1.51 79 247 170 20E .0323 1775 949 
59 1.90 365 150 20 131 .467 1.49 76 246 168 207 .0319 1761 944 
66 2.84 485 10 23 132 .460 2.38 84 276 183 229 .0400 2141 1145 
67 2.84 485 SO 21 132 .468 2.13 75 274 179 226 .0392 2104 1135 
68 2.84 485 100 21 132 .468 2.18 77 276 184 230 .0405 2149 1145 
69 2.84 485 150 20 132 .468 2.08 73 267 186 226 .0460 2106 1107 
74 3.79 490 50 20 130 .467 3.08 81 311 198 254 .0440 2416 1293 
75 3.79 490 100 20 130 .467 3.08 01 310 197 253 .0440 2409 1293 
76 3.79 490 150 20 132 .468 3.09 02 310 199 254 .0440 2418 1290 
77 3.79 490 10 20 130 .467 3.11 82 313 192 252 .0411 2392 1302 
78 3.79 490 100 20 130 .467 3.13 83 309 195 252 .0436 2393 1266 
79 3.79 490 50 20 130 .467 3.07 81 309 199 254 .0452 2418 1286 

121 6.64 960 10 40 152 .477 5.50 33 386 249 316 .0635 3744 1922 
122 6.64 960 50 39 151 .477 5.53 83 380 246 313 .0650 3683 1894 
123 6.64 960 100 39 152 .477 5.47 82 379 247 313 .0659 3683 1889 
124 6.64 960 150 39 152 .477 5.57 84 380 249 315 .0665 3700 1894 
143 6.64 940 150 40 152 .477 5.91 89 381 245 313 .0640 3660 1887 
144 6.64 940 100 39 152 .477 5.75 87 381 243 312 .0633 3645 1887 
145 6.64 940 50 39 152 .477 5.72 86 380 244 312 .0640 3645 1832 
146 6.64 940    . 10 30 150 .476 5.53 S3 378 243 311 .0645 3630 1872 

o 
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TABLE I - SUMMARY OF DATA AND RESULTS FOR PISTON RECIPROCATINO-SLEEVE APPARATUS - Continued 
NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 
Run Bleotrlcal Operating Plston- Pliton Coollng- Average Specific Heat Heat- Average Average Average Piston heat- Correlation Correlation 

hot Input •peed oleerence • lde oll flow cooling- heat of rejec- balance pie ton sleeve oil-film transfer parameter parameter 
H <rpm) oil-supply thrust rate oil  tem- cooling tion ratio temper- temper- temper- coefficient ,„ .I-" . ,..  .0.27 

(Btu/eeo) rat» F (lb/ain) perature oil to oil (per- ature ature ature h tTfK o. Tp(V.) 

„,0.35 w (lb) <°F) (Btu)/ 
(lb)(°F) 

(Btu/ cent) TP 
(°F) <°F) 

Tf 
(°F) 

(Btu )/(•«) 

(W)0.3S (lb/tor) aeo) (•q ft)(°F) 

Varlaol e piston-c learance oll-eupply rate 

313 3.79 660 6 100 60 140 0.471 3.42 90 325 191 258 0.0371 2003 1105 
314 3.79 20 59 138 .471 3.25 86 295 186 241 .0456 2820 •    1522 
316 3.79 7 59 139 .471 3.25 86 312 190 251 .0407 2046 1117 
316 3.79 12 60 140 .471 3.23 85 298 187 243 .0448 2380 1280 
317 3.79 4 60 140 .471 3.09 82 331 192 262 .0357 1767 969 
324 1.90 3 59 153 .478 1.67 68 267 173 220 .0264 1309 708 
326 1.90 5 60 152 .477 1.70 89 260 174 217 .0289 1539 827 
326 1.90 6 61 153 .478 1.68 88 254 173 214 .0307 1614 863 
327 1.90 11 60 152 .477 1.66 87 245 173 209 .0345 1941 1028 
320 1.90 15 61 155 .479 1.52 80 239 173 206 .0377 2131 1114 
32» 1.90 20 60 155 .479 1.37 72 232 174 203 .0429 2315 1196 
330 
331 
332 

1.90 
1.90 
1.90 

30 
46 

4 

60 
60 
61 

151 
156 
155 

.477 

.479 

.479 

1.25 
.99 

1.47 

66 
52 
77 

229 
228 
263 

170 
170 
174 

200 
199 
219 

.0421 

.0429 

.0279 1438 769 
394 3.79 2 60 143 .473 3.23 85 376 196 286 .0277 1534 867 
396 3.79 2 61 140 .472 3.34 88 369 195 282 .0286 1611 850 
396 3.79 9 59 13B .471 3.17 84 312 191 252 .0410 2245 1218 
397 3.79 5 61 140 .472 3.24 85 337 197 267 .0356 1951 1072 
398 3.79 19 60 139 .471 3.02 00 299 109 244 .0452 2811 1515 
399 1.90 3 59 152 .477 1.65 87 282 177 230 .0237 1375 750 
400 1.90 5 66 152 .477 1.68 88 264 182 223 .0304 1587 039 
401 1.90 9 60 151 .477 1.63 86 250 177 214 .0341 1859 890 
402 1.90 19 60 151 .477 1.49 78 232 174 203 .0429 2274 1173 
403 
404 

1.90 
1.90 

30 
14 

61 
60 

153 
153 

.477 

.478 
1.37 
1.42 

72 
75 

234 
243 

172 
177 

203 
210 

.0402 

.0377 2125 1106 

Variable operating speed 

60 1.90 405 12 50 15 117 0.461 1.44 76 234 157 196 0.0323 1704 925 
51 1.90 360 15 118 .461 1.45 76 239 157 198 .0303 1671 916 
62 1.90 300 15 118 .461 1.46 77 243 159 201 .0296 1617 086 
63 1.90 250 16 118 .461 1.46 77 248 159 204 .0279 1566 859 
64 1.90 215 15 118 .461 1.40 74 252 163 20B .0279 1534 837 

106 3.79 225 100 20 132 .468 2.87 76 349 215 282 .0371 2201 1173 
107 3.79 225 20 130 .467 3.10 82 345 212 279 .0374 2177 1159 
ioa 3.79 300 20 130 .467 3.17 84 333 206 270 .0391 2268 1212 
109 3.79 800 17 120 .486 3.63 96 303 196 250 .0464 2710 1438 
110 3.79 1015 19 131 .467 3.70 98 290 197 244 .0534 2808 1467 
132 6.64 950 40 154 .478 5.73 86 382 243 313 .0626 3672 1890 
133 6.64 800 40 154 .478 5.70 86 389 256 323 .0655 3635 1346 
134 6.64 660 39 155 .478 5.47 82 <396 253 325 .0609 3464 1777 
136 6.64 500 39 154 .478 5.47 82 404 256 331 .0596 3294 1689 
136 6.64 860 39 153 .478 5.54 83 306 250 318 .0640 3637 1867 
137 6.64 730 39 152 .477 5.48 83 391 253 322 .0631 3537 1810 
190 .96 450 61 127 .466 1.07 113 189 143 166 .0270 1447 768 
191 .95 660 61 131 .4G7 1.17 123 194 148 171 .0270 1661 873 
192 .95 820 63 135 .469 1.25 132 199 159 179 .0311 1855 949 
193 .95 1020 61 140 .472 1.22 129 196 162 179 .0366 1969 992 
194 5.69 460 60 140 .472 4.42 78 370 221 296 .0500 2832 1512 
195 6.69 465 62 140 .472 4.41 78 375 224 300 .0494 2807 1538 
196 5.69 640 61 141 .472 4.79 84 365 220 293 .0514 3061 1631 
197 5.69 825 63 142 .472 5.10 90 359 225 292 .0556 3262 1717 
198 5.69 1010 63 140 .472 5.13 90 345 218 282 .0587 3309 1743 
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TABLE  I -  SUMMARY OP DATA AND RESULTS FOR PISTOH RECIPROCATINB-SLEEVE APPARATUS - Continued             NATIONAL   ADVISORY » COMMITTEE  FOR  AERONAUTICS 
Run Bleotrlcal Operating Piston- PI »ton Cooling- Average Speclflo Heat Heat- Average Average Average Piston heat- Correlation Correlation 

parameter 
*> heat input »peed clearanoe »Ida oll flow ooollng- heat of rejec- balance piston sleeve oil-film transfer parameter 

H (rpn) oil-»upply thrust rat» oll tem- ooollng tion ratio temper- temper- temper- ooefflolent «V1-18 yv,)0-27 > 
90 
3D 

(Btu/ieo) rate P (lb/feln) perature oil to oil (per- ature ature ature h 
I 

(lb/M 
(lb) (°F) (Btu)/ 

(lb)(°P) 
(Btu/ 
sec) 

cent) TP 
(°F) <°P) 

Tf 
(°P) 

(Btu)/(seo) 
(sq ft»5?) (v.,0-87 

(1)0.35 
(W)0'36 

Variable operating »peed - Conoludad O 
m 

255 7.58 300 12 100 62 142 0.473 5.76 76 437 275 356 0.0613 3114 1888 
234 7.58 460 61 140 .472 5.88 78 426 264 345 .0613 3376 1741 HI 
23E 7.58 560 60 140 .471 6.09 SO 418 254 336 .0606 3459 1803 01 
23« 7.58 660 60 139 .471 6.25 82 413 251 332 .0613 3544 1853 y< 
237 7.68 800 60 138 .471 6.39 84 407 246 327 .0617 3688 1932 © 
238 7.58 965 59 138 .471 6.46 85 397 234 316 .0610 3729 1982 00 
243 6.64 340 60 146 .474 4.99 75 425 259. 342 .0524 3089 1603 
244 6.64 460 60 150 .476 5.32 80 413 250 332 .0534 3231 1689 
246 6.64 680 61 149 .476 5.89 89 404 244 324 .0544 3491 1834 
246 6.64 840 61 149 .476 5.86 88 386 239 313 .0592 3553 1856 
247 6.64 575 60 148 .476 5.47 82 402 245 324 .0554 3340 1746 
248 6.64 966 60 149 .476 5.93 89 383 238 311 .0600 3360 1910 
266 7.59 1010 61 150 .476 6.65 90 399 249 324 .0646 3884 2015 
257 7.39 930 61 15Ö .476 6.21 84 400 247 324 .0633 3801 1977 
268 7.39 790 61 152 .477 6.07 82 406 258 332 .0655 3736 1920 
269 7.39 645 62 150 .476 5.06 79 415 258 337 .0617 3600 1888 
260 7.39 565 61 150 .476 5.85 79 423 259 341 .0591 3524 1827 
261 7.39 430 61 150 .476 5.59 76 425 267 346 .0613 3330 1705 
262 7.39 340 61 150 .476 5.41 73 442 280 361 .0598 3289 1667 
263 7.39 246 61 151 .477 5.87 79 456 292 374 .0591 3117 1567 
343 5.69 500 60 150 .476 3.70 65 390 242 316 .0504 2718 1419 
344 6.69 420 60 152 .477 4.13 73 377 231 304 .0511 2847 1603 
345 5.69 560 60 150 .476 4.37 77 372 223 298 .0501 3011 1605 
546 5.69 660 59 150 .476 4.26 75 367 215 291 .0491 3063 1688 
547 5.69 850 60 151 .477 4.74 83 347 219 283 .0583 3179 1674 
412 3.79 260 61 140 .472 2.81 74 335 209 272 .0394 2176 1159 
413 3.79 415 60 139 .471 2.87 76 316 201 259 .0432 2363 1257 
414 3.79 560 60 140 .472 2.97 78 308 191 250 .0425 2462 1328 
415 3.79 680 60 139 .471 3.14 83 303 ias 246 .0432 2543 1376 
416 3.76 875 60 140 .472 3.12 82 293 184 241 .0436 2658 1448 
417 3.79 1000 62 142 .472 3.00 81 285 181 233 .0478 2650 1436 
275 3.79 250 5 *100 60 142 .472 3.02 80 360 218 289 .0350 1714 917 
276 3.79 415 60 139 .471 2.99 79 344 207 276 .0363 1872 1006 
277 3.79 536 60 140 .472 3.21 85 341 199 270 .0350 1953 1069 
276 3.79 660 60 140 .472 3.18 04 334 194 264 .0355 2005 1103 
279 3.79 800 62 140 .471 3.59 95 321 190 256 .0379 2048 1120 
280 3.79 925 61 142 .472 3.50 92 313 186 250 .0391 2076 1138 
373 3.79 250 100 60 140 .472 3.00 79 372 209 291 .0305 1729 946 
374 3.79 415 60 140 .472 2.78 73 347 197 272 .0331 1840 1015 
375 5.79 560 59 140 .472 3.25 86 336 192 264 .0345 1926 1066 
376 3.79 685 59 140 .472 3.11 82 327 193 260 .0371 2001 1096 
377 3.79 875 59 140 .471 3.22 85 315 184 250 .0379 2043 1127 
578 3.79 1000 61 141 .472 3.25 86 313 186 250 .0391 2118 1161 
379 6.64 1000 60 139 .471 5.28 80 383 215 299 .0518 2601 1421 
380 6.64 870 61 142 .472 5.23 79 398 219 309 .0486 2601 1422 
381 6.64 670 60 141 .472 5.18 78 416 224 320 .0463 2524 1385 
382 6.64 575 SI 139 .471 4.77 72 421 233 327 .0463 2482 1345 
383 6.64 410 60 139 .471 3. 88 58 428 242 335 .0468 2329 1249 
384 6.64 270 60 140 .471 4.49 68 455 263 359 .0453 2237 1182 

Steady side thrust reversed. 
rO 
ro 
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TABLE I - SUMMARY OF DATA AND RESULTS FOR PISTON RECIPROCATING-SLEEVE APPARATUS - Concluded 
NATIONAL ADVISORY m 

COMMITTEE FOB AERONAUTICS «" 
Run Electrical Operating Piston- Piston Cooling- Average Specific Heat Heat- Average Average Average Piston heat- Correlation Correlation 

heat Input speed clearance side oil  flow cooling- heat  of rejec- balance piston sleeve oil-film transfer parameter parameter 
H (rpm) oil-supply thrust- rate oil  tem- cooling tion ratio temper- temper- temper- coefficient 

(T,,1-15 yv,)0-27 
(Btu/sec) rate F (lb/min) perature oil to oil (per- ature ature ature h 

W 
(lb/hr) 

(lb) <°F) (Btu)/ 
(lb)(bP) 

(Btu/ 
sec) 

cent) TP 
<CF) 

Ts 
(°F) 

Tf 
(°F) 

(Btu)/(sec) 
(sq ft)(°P) 

(Vs)0.27 

(w)0.35 
•    (w)0.35 

Variabl e  average cooling- oil  temperature 

61 1.90 360 12 100 21 111 0.458 2.00 105 237 150 194 0.0286 1629 906 
62 1.90 360 20 118 .461 1.82 96 242 156 199 .0290 1678 925 
63 1.90 360 20 127 .466 1.62 85 250 167 209 .0300 1778 956 
64 1.90 360 20 143 .473 1.36 72 257 178 218 .0315 1367 983 
65 1.90 360 22 154 .470 1.51 79 265 191 228 .0337 1963 1014 

100 3.79 525 19 123 .464 3.24 85 306 192 250 .0428 2419 1305 
131 3.79 525 20 136 .470 2.. 78 73 314 203 258 .0448 2505 1331 
102 3.79 525 19 127 .466 3.12 82 314 197 255 .0425 2480 1331 
103 3.79 525 20 142 .472 2.84 75 316 211 263 .0473 2562 1338 
10« 3.79 525 20 152 .477 2.68 71 324 225 274 .0502 2687 1371 
105 3.79 525 20 160 .482 2.68 71 332 233 282 .0502 2776 1407 
138 6.64 935 40 129 .466 6.03 91 370 223 297 .0592 3441 1829 
139 6.64 940 41 138 .470 5.92 89 372 231 302 .0617 3514 1844 
140 6.64 940 44 148 .475 6.27 94 379 242 311 .0635 3630 1877 
141 6.64 940 39 152 .477 5.95 90 385 247 316 .0631 3702 1908 
142 6.64 940 41 162 .482 5.90 89 389 250 320 .0626 3755 1927 
385 5.69 560 5 58 172 .487 3.94 69 415 245 330 .0439 2491 1317 
386 5.69 560 61 164 .483 4.10 72 407 237 322 .0439 2422 1292 
387 5.69 560 60 151 .477 4.32 76 401 229 315 .0434 2362 1273 
388 5.69 560 61 138 .471 4.51 79 389 217 303 .0434 2256 1234 
389 5.69 560 57 125 .464 4.23 74 382 204 293 .0419 2175 1213 
390 1.90 560 61 121 .463 1.67 88 240 148 194 .0271 1353 762 
391 1.90 560 61 136 .470 1.21 64 245 161 203 .0297 1426 778 
392 1.90 560 60 149 .476 1.14 60 253 170 212 .0300 1496 802 
393 1.90 560 61 158 .480 1.15 61 261 177 219 .0297 1556 829 

CO 
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Figure 2.  - Construction details of the piston 
reciprocating sleeve heat-transfer apparatus. 
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(a)    Lubricat ing system  for crankcase 
and reelprocating sleeve. 

(b)    Cool ing-oiI system for reciprocat ing 
s leeue. 

Figure 3.   - Schematic diagram of   lubricat ing and cooling-oiI systems  for the piston 
reciprocaling-sleeue heat-transfer apparatus. CO 
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Figure 9«- Piston and sleeve temperature distribution for re- 
presentative runs on piston reciprocating-sleeve apparatus. 
Side thrust, 100 poundst   cooling-oil temperature, 140° P; 
cooling-oil flow, 60 pounds per minute. 
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(a)    Heat  input,   7.5S Btu per second:  speed,   SSO  rpm; 
side  thrust,   100 pounds; cleorance-oiI  supply, 
5 pounds per hour; coolini-oil  temperature,   142° F; 
coollnt-oil   flon,   SI  pounds per minute;   run 363. 

lb)    Heat  Input,   3.79 Btu per second; speed,  940  rpm; 
side thrust,   100 pounds;  clearance-oil  supply, 
12 pounds per hour;  cooling-oil  temperature,   141° F; 
coolint-oll  flou,   6S pounds per minute;  run 251. 
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Figure 10.   -  Isothermal  patterns on piston and sleeve surfaces of the piston recip- • 
rocating-sleeve heat-transfer apparatus.     Temperatures are In °F. 
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Figure 11.-    Effect of heat input on average piston, 
oil-film,  and sleeve temperatures and piston heat- 
transfer  coefficient  for runs 363 to 372.     Speed, 
665 rpm;  piston-clearance oil-6upply rate,  5 pounds 
per hour;  side thrust,  100 pounds;  cooling-oil 
temperature, 140° P;  cooling-oil flow,  60 pounds 
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Figure 12.- Effect of average sleeve velocity on average 
piston, oil-film, and sleeve temperatures and piston 
heat-transfer coefficient for runs 373 to 378. Heat 
input, 3.79 Btu per second; piston-clearance oil-supply 
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Figure 13.-    Variation of average piston and oil-film temperatures 
and piston heat-transfer coefficient with average  sleeve  temper- 
ature.     Heat  Input,  3.79 Btu per  secondx   side  thrust,  100 pounds- 
piston-clearance  oil-supply rate,  12 pounds per hour. 
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Figure l1*.- Effect of side thrust on average piston, 
oil-film, and sleeve temperatures and piston heat- 
transfer coefficient for runs 121 to 124. Heat in- 
put, 6.64 Btu per second; speed, 960 rpmj piston- 
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TABLE I - SUMMARY OP DATA AND RESULTS FOR PISTON RECIPROCATINO-SLEEVE APPARATUS 
NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 
Run Electrical Operating Piston- Piston Coollng- Average Specific Heat Heat- Average Average Average 

oll-rllm 
Piston heat- Correlation .Correlation 

heat Input •peed clearance side oll flow cooling- heat of rejec- balance piston sleeve transfer parameter parameter 

H,      , (rpm) oil-supply thrust rate oil tem- cooling tion ratio tempor- temper- temper- coefficient ,     ,1.15 
(Tf) 

0.27 
(Btu/eee) rate P (lb/mln) porature oil to oil (per- oture ature ature h 

w (lb) <°F> (Btu)/ (Btu/ oent) TP 
(°P) <°F) 

Tf 

<°F) 

(Btu)Asee) (v,)0-27 

,„,0.35 

,„.0.35 
(lb/tor) (lb)(°P) sec) (so. ft)(°P) IK) 

Variable heat Input 

80 0.95 490 12 100 20 130 0.467 0.89 94 206 156 181 0.0249 1637 856 
61 1.90 490 20 132 .460 1.43 75 239 160 203 .0351 1869 99S 
62 2.84 490 20 130 .467 2.17 76 270 183 230 .0392 2156 ' 1157 
63 3.79 490 20 130 .4C7 3.06 81 305 199 252 .0469 2392 126« 
84 4.74 490 20 130 .4C7 3.90 02 341 212 276 .0482 2659 1419 
85 5.69 490 20 130 .467 4.74 03 370 232 301 .0541 2935 • 153« 

125 2.84 950 42 159 .400 2.76 97 292 205 249 .0428 2024 1452 
126 3.41 950 40 152 .477 3.27 96 297 205 251 .0486 2848 1476 
127 4.74 950 40 150 .476 4.51 95 337 '221 279 .0536 3219 1674 
128 5.35 950 40 154 .478 4.73 00 348 230 289 .0594 3349 1729 
129 6.07 950 39 154 .478 5.34 B8 366 241 304 .0637 3550 1820 
130 6.64 950 39 153 .478 5.74 86 378 247 313 .0665 3673 1879 
131 6.98 950 39 155 .470 6.06 67 387 250 319 .0668 3755 • 1925 
161 .95 940 40 132 .468 1.67 176 199 156 178 .0290 1911 •    985 
162 1.90 940 40 131 .467 2.34 123 227 167 197 .0415 2147 1123 
163 2.84 940 39 132 .468 2.95 104 266 177 222 .0418 2466 1317 
164 3.79: 940 38 130 .467 3.62 96 292 le7 240 .0473 2692 . 1445 
16S 4.74 940 41 132 .468 4.35 92 317 200 259 .0531 2945 •-. 1569 
166 .95 540 41 150 .476 .94 99 210 171 191 .0319 1790 •    897 
167 1.90 540 42 149 .476 1.65 87 244 184 214 .0415 2037 1042 
168 2.84 540 43 153 .470 2.30 04 290 198 244 .0405 2369 1233 
169 3.70 540 41 150 .476 3.05 BO 325 209 267 .0428 2627 1388 
170 5.69 540 39 150 .476 4.63 01 377 236 307 .0529 3008 1610 
171 1.90 540 20 151 .477 1.46 78 258 186 222 .0346 2127 : 1102 
172 3.79 540 20 154 .470 2.79 74 323 212 268 .0448 2638 i 1379 
173 5.69 540 21 152 .477 4.19 74 376 238 307 .0541 3086 , 1605 
249 5.69 940 60 142 .473 5.10 91 340 223 206 .0597 3310 1 1724 
250 4.74 940 60 142 .472 •4.37 92 323 211 267 .0555 3046 ! 1600 
251 3.79 940 59 141 .472 3.44 91 296 196 246 .0497 2775 ; 1467 
252 2.84 940 60 144 .474 2.63 93 272 187 230 .0433 2567 1340 
253 1.90 940 60 139 .471 2.14 113 235 176 206 .0422 2264 ' 1164 
254 1.42 940 61 144 .474 1.54 100 219 175 197 .0423 2150 1005 
255 .95 940 61 140 .472 1.34 141 202 164 183 .0328 1979 1002 
405 1.90 560 60 140 .472 1.65 87 237 165 201 .0346 1913 1021 
406 2.84 560 eo 140 .472 2.25 79 273 180 227 .0400 2205 1178 
407 3.79 560 60 141 .472 3.02 00 307 139 248 .0421 2437 1324 
408 4.74 560 60 142 .472 3.73 80 339 205 272 .0464 2713 1462 
409 5.69 560 60 140 .472 4.49 79 367 216 292 .0494 2948 1584 
410 E.64 560 60 141 .472 5.21 70 393 234 314 .0547 3198 1696 
411 7.58 560 59 141 .472 5.00 7b 416 '245 331 .0581 3398 1794 
267 6.64. 535 5 "lOO 60 140 .472 5.00 75 423 242 332 .0401 2476 1326 
268 5.69 535 59 130 .471 4.44 70 395 228 312 .0447 2307 1230 
269 6.64 530 60 141 .472 5. DO 75 415 241 328 .0500 2440 1298 
270 5.69 530 60 137 .470 4.C4 80 394 228 311 .0449 2294 1233 
271 4.74 530 60 142 .472 3.S5 01 368 212 290 .0390 2116 1150 
272 3.79 530 60 140 .471 3.16 83 331 195 263 .0365 1894 1036 
273 2.84 530 63 142 .473 2.37 83 294 183 239 .0335 1699 920 
274 1.90 530 62 140 .471 1.81 95 253 169 211 .0297 1471 792 
285 3.79 950 59 140 .471 3.50 94 309 184 247 .0397 2061 1131 
286 2.84 950 59 137 .470 2.84 100 278 176 2Z7 .0365 1869 1017 
287 1.90 950 60 139 .4->l 2.07 109 247 168 206 .0315 1691 904 
363 7.58 560 100 61 142 .472 5.79 76 455 252 354 .0490 2706 1445 
364 6.64 560 60 140 .471 5.47 82 434 234 334 .0435 2527 1370 
365 5.69 560 60 142 .472 4.74 83 406 220 313 .0401 2343 1209 
366 4.74 565 61 142 .472 3.94 03 376 203 290 .0359 2153 1196 
367 3.7!. 565 60 140 .472 3.11 02 344 191 268 .0325 1S69 1094 
368 2.84 565 61 140 .472 2.19 77 299 182 241 .0318 1738 950 
369 2.37 570 60 140 .471 1.S9 80 278 171 225 .0290 1614 087 
370 1.90 570 62 140 .472 1.35 71 256 164 210 .0271 1490 817 
371 1.42 570 63 138 .471 1.13 80 232 158 195 .0252 1366 739 
372 .95 560 61 130 .471 .72 76 20C 151 179 .0226 1233 653 

o 

tft 

o 
00 

Steady side thrust reversed. «o 
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